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Junction Impedance Measurements of Diodes by a Simplified
Lock-In Amplifier
JUH TZENG LUE
Abstract-A lock-in amplifier with most parts of its functional
components substituted by integrated circuits is described here.
This amplifier is far from expensive and is free from the trobles
arising from temperature compensations and impedance matchings
such as usually occur in conventional transistorized amplifiers.
This instrument, operating at frequencies from 20 Hz to 100 kHz,
has a noise rejection ratio of 40 dB and is suitable for junction ca-
pacitance and resistance measurement of diodes under reverse or
forward bias.
I. INTRODUCTION
TO DETERMINE the junction capacitance of a
reverse-biasing diode, a convenient bridge method is
adequate. This method is difficult to apply when the diode
is forward biased when the loss angle of the diode becomes
large and a large current is flowing [1]. This problem can
be avoided by using a lock-in amplifier, which has the
ability to measure in-phase and quadrature signals at the
same time. To implement this measurement we have a
lock-in amplifier which is suitable for phase detections.
A lock-in amplifier, with its extremely narrow equivalent
noise bandwidth, is capable of measuring a periodic signal
buried in noise and is becoming increasingly useful in
scientific instrumentation. The fundamental operational
principle is that an input signal is demodulated by a syn-
chronous reference signal to produce in-phase or out-of-
phase signals by a phase-sensitive detector. The random
phase component (or noise) is smeared by an integrator,
leaving only the zero-beat signal where the input and ref-
erence signals have the same frequencies. Because of the
delicate nature of its frequency and phase responses, a
lock-in amplifier is expensive. However, we have found
that by substituting integrated circuits for most parts of
the functional components (such as the intermediate
amplifier, tuned amplifier, reference oscillator, phase-
sensitive demodulator, and dc output amplifier) an inex-
pensive lock-in amplifier can easily be constructed. With
this implementation, we can eliminate the troubles arising
from temperature compensations and impedance match-
ings such as usually occur in conventional transistorized
lock-in amplifiers.
This easily constructed lock-in amplifier can be used to
measure the in-phase and quadrature phase of the voltage
and current signals crossing and passing the diode, re-
spectively. Junction resistance and capacitance are de-
termined from these quadrature phase properties. By
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measuring the slope and the intercept with the coordinates
of the logarithmic plots of junction capacitance versus
biasing voltage, information about the semiconductor is
obtained.
II. THEORY
A p-n junction diode, depending on its doping profile,
diode geometry, and biasing condition, can perform various
terminal functions. Depending on the impurity concen-
tration charge from the acceptor impurities to the donor
impurities, we have abrupt-junction and linearly graded
junction types of diodes. The depletion-layer capacitance
per unit area is defined as C dQ,/dV, where dQ, is the
incremental increase in charge per unit area upon an in-
cremental change of applied voltage dV. For a one-sided
abrupt junction [2]
2= qE.NB pF/CM22(Vbi + V) (1)
where q is the electronic charge, Es is the dielectric constant
of the semiconductor, NB is the impurity concentration
of the substrate, Vbi is the built-in potential, and the i
signs are the reverse and forward bias conditions, respec-
tively.
For a linearly graded junction, the depletion-layer ca-
pacitance
2 11/3qacEpF52 2[12( Vbi ± VLI p/m)2
where a is the impurity gradient. The slope ofa plot of 1/C2
or 1/C3 versus the applied voltage is used to determine the
impurity concentration NB while the voltage-axis intercept
yields the built-in potentiol Vbi.
The simplified equivalent circuit is shown in Fig. 1,
where the equivalent impedance of the terminals of the
device is
Z = [Rb + 1 + R C2ko2] i [1 + R2C2]
= R(c)-jXc(4). (3)
Fig. 2 shows a block diagram of the system for measuring
the diode impedance. A constant ac component super-
impsoed on the dc bias potential is applied across the
diode. This voltage is measured through the calibrating
element. The current passing through the diode which is
in phase or 90° out of phase with respect to the voltage
gives a direct measurement of the junction resistance and
capacitance, respectively.
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Fig. 1. Equivalent impedance of a p-n junction diode showing a parallel
combination of voltage-dependent element Rt (v) and Ct (v) in series
with a voltage-independent bulk resistance Rb.
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Fig. 2. Block diagram showing the system for measuring the diode im-
pedance by the lock-in amplifier. The high and low values of the cali-brating and reference resistors are used for reverse- and forward-bias
measurement, respectively. The noninverting input of the buffer am-
plifier is connected to the upper end of the calibrating element mo-
mentarily, to adjust the 0 and 7r/2 phase shift of the reference sig-
nal.
A lock-in amplifier is used to measure the voltage across
a small reference resistor in series with the diode which is
proportional to the current in the diode. This is shown in
Fig. 3. The measured in-phase and quadrature signals of
the reference resistor with respect to the diode voltage
are
Vo=VsRe [Rr+ R-jXcJ
and
r Rr 1
Vr/2V., [Rr + R-iXcJ (4)
respectively. The equivalent resistance and reactance of
the device are readily obtained from (4). They are
R = RrVs(1 +M2)VoR
and
mRr Vs,5Xc = (1+ >V(5)
where m V,/2/VO. If Rr is small compared with the
equivalent impedance of the device, then V5/Vo >> 1 + m2,
and (5) reduces to
RrVs
(1 + m2)Vo
Fig. 3. The current passing through the diode is measured across the
small reference resistor, while the source voltage V8 is measured when
the diode is substituted by the calibrating element.
and
Xc = mR. (6)
From (3) and (6), the junction resistance and capacitance
are solved for as follows:
= (R -Rb )2 + XC2
R-Rb
and
Xc
C; = W[(R -Rb)2 + XC21 (7)
where Rb is equal to R (w) as w approaches infinity. Thejunction resistance and capacitance of the diode can be
calculated from (6) and (7) once the in-phase and quad-
rature signals V0 and Vi/2 are known.
III. CIRCUIT DESCRIPTION OF THE LOCK-IN
AMPLIFIER
The functional block diagram and circuit detail of the
lock-in amplifier are shown in Figs. 4 and 5, respectively.
The noise performance of the amplifier is determined
mainly by the preamplifier to which it should add the least
noise to the input signal over a particular frequency band
and from a particular noise source. The source thermal
noise is given by
E = 4kTBR V rms (8)
where k is the Boltzman's constant, T is the absolute
temperature, B is the bandwidth in hertz, and R is the
source resistance in ohms. A cursory glance at the noise
figure contours for different preamplifiers clearly shows
that the type B preamplifier has the lowest noise figure at
a signal of kilohertz and source resistance of several ohms.
The preamplifier implanted in our circuit has a low input
resistance (10 Q) which will add small thermal noise to the
input signal and with feedback resistors for stabilization
with gain about 100 and input impedance about 80K[3].
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Fig. 4. The functional block diagram of the lock-in amplifier.
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Fig. 5. The circuit detai
The tuned amplifiers IC2 and IC9 are active narrow-
band filters built from a slightly modified Wien-bridge
oscillator providing independently controllable and stable
single frequency turning. Values of Q can be adjusted to
as high as 2000 with a gain of 600, or to a Q of 30 and a gain
of 140.
The in phase and 1800 out-of-phase signals from the
phase splitter IC3 are fed into the phase sensitive demo-
dulator IC4 which is essentially an FET analog switch. The
analog switch converts an applied input ac signal to a net
directionless voltage if the input and the reference signal
IC3 Set&, 2500 IC IC Recorder
5k 538k 540 200 OiO
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of the lock-in amplifier.
have the same frequencies and are synchronized. The
Signetis T290 FET switch has a superior isolation char-
acteristic. It has a switching impedance lower than 0.2 Q
in the conduction state and higher than 4 MU in the off
state with a switching speed faster than 1o-6 s. A precise
square wave is required to drive the switch. This is ob-
tained by feeding a reference signal into a Schmitt trigger.
The simple Schmitt trigger is applicable to frequencies
over 20 Hz to 100 kHz with both rise and fall times less
than 15 ns.
The reference signal can be selected either from internal
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or external modes. IC7 is a low-cost Wien-bridge oscillator
with oscillating frequency approximately determined by
[4]
fo 2=rRC (9)
This simple oscillator has high output impedance, there-
fore a buffer (IC8) must be used to avoid loading effect.
Potentiometer R4 is adjusted until the oscillators just start
to diverge. As the oscillation grows, the diodes start to
conduct; this reduces the amount of negative feedback.
Adjustment of R4 will vary the output amplitude and
distortion. Matched diodes will minimize the distortion.
Frequencies from several decade of hertz to 100 kHz can
be obtained by this oscillator.
The reference phase can be adjusted from 0 to 360° by
the phase shifter. Each cascading of the two JFET stages
can produce 0 to 180° of phase shift [5]. The tuning and
selection of the signal and reference frequencies can be
simultaneously fulfilled with the aid of a four-pole, dou-
ble-way, and three-stage rotary switch denoted as S2a, S2;
S2b, S2b; and S2C, S2.
The output of the phase sensitive demodulator is a full
wave rectified waveform whose rectified average is pro-
portional to the amplitude of the fundamental component
of the input signal. The dc amplifier IC5 has a bias-current
compensation for fixed-source resistances where the effect
produced by the bias current on the inverting input is
cancelled out by the offset voltage produced across the
noninverting input resistor.
IV. PERFORMANCE AND MEASUREMENT
Since most components of the lock-in amplifier are
constructed from integrated circuits accompanied by
proper temperature compensation setups, the dc output
drift due to variation of ambient temperature is less than
0.2% 'C-1. The operation frequencies are tunable from 20
Hz to 100 kHz in four stages. The noise rejection ratio is
40 dB; this means that a signal 40 dB below ambient white
noise in a 1-kHz bandwidth centered about the signal
frequency can be retained with a signal-to-noise ratio of
one at the output. The signal voltages at full scale on an
output meter and the amplification factor at each stage are
shown in Fig. 4. Fig. 6 shows the performances of this
lock-in amplifier displayed by an oscilloscope. Curve (A)
is the input sine wave superimposed on the higher fre-
quency triangle wave as the mythical noise. The noise is
20 dB higher than the signal sine wave. After passing
through the tuned amplifier, the desired sine wave be-
comes 20 dB higher than the undesired noise as shown in
curve (B). Curve (C) is the phase demodulated signal at the
test point C of Fig. 5: it should be noted that the phase has
been inverted 1800 with the base line on the top of the
curve. The synchronized signal when smoothed by the
integrator IC6 would give a dc output with level propor-
tional to the amplitude of the input signal and its phase
coherence with respect to the reference signal. Curve (D)
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Fig. 6. The performance of the lock-in amplifier displayed by an os-
cilloscope. (A) Input sine wave with high-frequency triangle wave as
mythical noise. (B) Noise rejection of the above signal when fed through
the tuned amplifier. (C) Phase demodulated signal at test point C. (D)
Reference signal. (E) The Schmitt trigger output of the reference signal
at test point F.
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Fig. 7. Typical circle diagram of the real and reactive impedance com-
ponent of the diode at a given bias voltage for various frequency mea-
surements on a silicon abrupt-junction rectifier.
is the reference signal appearing at the test point E. The
Schmitt trigger transfers the reference signal into a precise
square wave as shown in (E) which is used to drive the
phase-sensitive switch.
With this lock-in amplifier we can measure the junction
resistance Rt and capacitance Ct by measuring the in-
phase and 900 out-of-phase signals across the reference
resistor, which represents the magnitude of the current
passing through the diode. The Rt and Ct are readily found
by using (5), (6), and (7), though this is tedious. The real
and reactive impedance components of the diode at a given
bias voltage for various frequencies of measurement are
plotted on the impedance plane in Fig. 7. We found that
most of the experimental points lie near a circle with locus
given by
tan 0 = wRtCt. (10)
The circle is a satisfactory averaging technique, since
consistant values of resistance and capacitance are ob-
tained in this manner. This simply constructed lock-in
amplifier can also be applied to other types of phase de-
tecting measurement with fair accuracy and sensitivity.
418
SHORT PAPERS
REFERENCES [1] J. (C. L. Hood, Wireless World, Sept. 1971, p. 437-441.
[41 J. G. Graeme, G. E. Tobey, and L. P. Huelsman, "Operational am-
[1] H. P. D. Lanyon and A. E. Sapega, IEEE Trans. Electron Devices, plifiers design and application, "Burr-Brown Res. Corp., 1973, pp.
vol. ED-20, p. 487,1973. 383-385.
[21 S. M. Sze, Physics of Semiconductor Devices. New York: Wiley, [5] J. Markus, Guidebook of Electronic Circuits. New York:
1969, pp. 90-94. McGraw-Hill, 1974, p. 619.
Short Papers
Determination of the Parameters of Microwave
Transmission Lines from Transmission and Reflection
Measurements
R. A. COURT
Abstract A technique is presented for the determination of the
parameters of microwave transmission lines. The technique enables
the dissipative loss and the characteristic impedance to be calcu-
lated directly from measurements of transmission and reflection
coefficients.
I. INTRODUCTION
In an earlier paper [1] a method was demonstrated for the
determination of the dissipative losses in microwave transmission
lines. In this paper the same method is used to give another way
of calculating these losses. The method is extended to show how
both dissipative loss and characteristic impedance can be de-
termined directly from measurements of transmission and re-
flection coefficients.
ii. rHEORY
For a lossy dispersionless transmission line of length I and
characteristic impedance Zo between a source with internal im-
pedance Zo and a termination of impedance ZO, the scattering
matrix may be defined as
[Sii S12]
S21 S22
0
ae - 'P
ae -Tp
O
The parameters s1, and s-21 may be defined in terms of the
original scattering matrix as [2], [3]
-Pl + Sll + PIP2S22 + P21AS
I1 + PlSll + P2S22 + PlP2As
-
S21+1+pl)(+ -+P2DS21 = 1 + PlSll + P2S22 + PlP2AS
(4)
(5)
where
AS = SllS22 -S12S21
and
ZO- 50
P1 P2 = P Zo + 50
From (2), (4) and (5) become
- p(l - a2e-2TP)
1- p2a2e-2-P
and
- ae-TP(1 - p2)
S21- 1 - p2a2e -2Tp
Therefore, with p = jw and as p2 = JPJ2,
12 p21 -a2e-2Tw12S111 - p2a2e j2Trw2
and
|s2112 a 21 1 - pj212Ii- p2a2e iJ2TW12
(6)
(7)
(8)
(9)
(1) When e J2rw = 1, i.e. when w is a multiple of the half wave-
length frequency of the line, (8) and (9) become
(2)
where T is the time delay for a pulse to traverse the length I of the
line, p = a + jw is the frequency variable, and -20 loglo a is the
total attenuation in length I of the line.
For the same line under more practical conditions, i.e., between
a 50-Q source and a 50-Q termination, the new scattering matrix
will be defined as
=Sl S12] (3)
s21 s22
_ iI2 = p2(1 - a2)2
(1 - p2a2)2 (10)
and
-22 = a2(1 - p2)2IS211 ( 2 2 2 - (11)
The frequencies which satisfy the criterion e-j2Tw = 1 can best
be determined by measuring the transmission maxima in swept
frequency measurements of the line. (See [1].)
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III. DETERMINATION OF PARAMETERS
In the earlier paper [1] the value of Zo and hence p was known.
The dissipative loss was determined by measuring I 21 2 and
applying (11). It is also possible to determine a from (10) by
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